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This paper proposes an integrated micro-chip for the manipulation and detection of magnetic particles (MPs). A conducting ring structure is used to manipulate MPs toward giant magnetoresistance (GMR) sensing elements for rapid detection. The GMR sensor is fabricated in a horseshoe shape in order to detect the majority of MPs that are trapped around the conducting structure. The GMR sensing elements are connected in a Wheatstone bridge circuit topology for optimum noise suppression. Full fabrication details of the micro-chip, characterization of the GMR sensors, and experimental results with MPs are presented in this paper. Experimental results showed that the micro-chip can detect MPs from low concentration samples after they were guided toward the GMR sensors by applying current to the conducting ring structure. Giant magnetoresistance (GMR) sensor based microchips for biological or medical applications have taken advantage of the fact that magnetic particles (MPs) can be transported to a sensing location by the application of magnetic forces.
1 Research on utilizing high gradient current lines to guide magnetically labeled MPs to the sensing area, probe immobilization over the sensing area to capture and identify target bio-samples and detection by sensitive GMR sensors is well documented.
2-9 Highly sensitive GMR sensor-based micro-chips have been able to actuate and detect a single MP, 10 detect oligonucleotides hybridization events in the femtomolar range, 11 and detect sub-picomolar concentrations of proteins. 12 In this research, first a micro-trap consisting of conducting rings is designed to precisely transport a small number of MPs in a controlled manner over long distances by magnetic forces enabling the rapid concentration of a majority of target cells to a sensing site for detection. This is especially important in low concentration bio-samples. [13] [14] [15] The number of rings in the conducting structure can be customized according to the size of the area, from which the MPs need to be attracted, trapped, and transported without the need to increase the number of switches or to unduly increase the complexity of the fabrication. By grouping the rings into sets the same number of switches can be used. Unlike square, meander or mesh structures, which have high gradients at the corners, a circular microstructure has a uniform magnetic field and force along the periphery of the ring. Therefore, the surface coverage of the MPs will be homogenous around the circular element. By switching current to different rings, MPs can be manipulated and immobilized on the innermost ring where the GMR sensors are located. Second, for optimum measurement capability with high spatial resolution, horseshoe shaped spin valve type GMR sensors are fabricated directly underneath and all along the innermost ring to detect the fringing fields originating from the MPs. By means of, e.g., probe immobilization, the proposed structure could be employed to detect biological targets.
MPs are guided to the sensing zone by the conducting micro-ring structure shown in Fig. 1(a) . The location of force maxima can be controlled by switching current to different micro-rings. 16 Hence, MPs can be guided from the outer micro-ring to the innermost ring where the GMR sensors are located, directly underneath and separated from the ring structure by a thin passivation layer. This procedure can be repeated several times to ensure a high concentration rate of MPs at the sensing zone.
The micro-chip has four GMR sensing elements with two active and two reference sensors in a Wheatstone bridge architecture as shown in Figs. 1(b) and 1(c). The magnetic field produced by the innermost micro-ring is in the sensitive plane of the active GMR sensors producing a considerable resistance change, which has to be taken into consideration to ensure high sensitivity. To address this issue, a conducting micro-ring is also located above the reference sensors. Under the influence of an external magnetic field MPs produce fringing magnetic fields that affect only GMRs 1 and 2, changing their resistance values in opposite directions. This produces a measurable differential voltage output.
The spin valves were deposited using a magnetron sputtering system on a oxide coated Silicon wafer with the following "bottom pinned . A thickness of 0.8 nm was chosen for Ru as it provides a very strong antiparallel coupling between CoFe layers. After deposition spin valve elements were patterned to a horseshoe shape by e-beam lithography followed by ion beam milling. To achieve a linear sensor output a transverse magnetization direction (with respect to the horseshoe sensor arc line) was induced in the pinned layer during annealing at a temperature of 280 C under an applied magnetic field of 220 mT, whereas the free a)
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V C 2012 American Institute of Physics 111, 07B327-1 layer was free to rotate around the longitudinal direction (horseshoe sensor arc line). The conducting micro-ring structure was fabricated of 500 nm thick Au with a 10 nm thick Ti adhesion layer on top of the sensor using photolithography and lift-off techniques. The fabricated micro-chip is shown in Fig. 2 .
The resistance of the GMR sensing element was measured to be 338 X. The maximum magnetoresistance is approximately 3.6 % and the sensitivity in the linear region is approximately 0.5 %/mT when a DC magnetic field is applied in parallel to the pinned direction, for a bias current of 5 mA (Fig. 3(a) ). Large spacer thicknesses lead to enhanced current shunting and scattering effects. Fig. 3(b) shows that the magnetoresistance curve is almost symmetrical when a DC magnetic field is applied transverse to the pinned direction since the transverse component to the applied field generates a symmetric component and the asymmetric response can only be generated by the parallel component. 17 The small signal AC sensitivity of the GMR sensing element in its sensitive axis (parallel to the pinned direction) is approximately 0.3 mV/mT as shown in Fig. 3(c) for a magnetic field of approximately 0.48 mT at a frequency of 10 Hz.
The micro-chip was placed under a microscope equipped with a CCD camera. The experimental process involved adding 2 ll of 2 lm MPs from MicromodV R with a diluted concentration of 1 mg/ml by a pipette to the area where the active GMR sensors are located. A circular microscope glass slide was placed on top of the liquid in order to obtain a clear image with the microscope and to confine the MPs to the active sensing area. A stable DC bias current of 5 mA was applied to the GMR bridge circuit by means of a current source meter. An AC current of 20 mA at a frequency of 10 Hz was applied to the outermost micro-ring by a function generator. The current was switched to the middle ring after 18 s and finally to the innermost ring after a further 18 s. Once the MPs were directly on top of the GMR sensors the bridge output was observed utilizing a lock-in amplifier for 40 s before finally flushing the MP solution from the micro-chip surface using a pipette. Figure  4 (a) shows how the MPs are randomly scattered when initially injected onto the micro-chip. Also, the few MPs trapped at the active GMR sensors are due to the fact that the bias current of the GMR sensor produces small magnetic stray fields that apply a force on nearby MPs. However, the GMR sensors normally need to be activated only after the MPs are trapped at the innermost ring and not from the beginning of the experiment. It can be seen from Fig. 4(b) that at the conclusion of the manipulation procedure MPs are concentrated and trapped around the GMR sensing area. Large surface coverage of the sensing element ensures an accurate and high-resolution output signal.
When the MP solution is first injected to the micro-chip, no current is applied to the conducting micro-rings or GMR sensor and the output signal is zero (Fig. 4(c) ). A signal output was observed once current was applied to the GMR sensors and the outermost conducting micro-ring due to the MPs that were attracted to the magnetic field produced by the GMR bias current. When current is switched from the outer ring to the middle ring, the MPs trapped at the outer ring move to the middle ring. In addition, some of the MPs trapped at the GMR sensor by the bias current through the GMR sensor move to the middle ring, which can be observed as a decrease in the output signal. Once current was applied to the innermost ring the majority of the magnetic MPs were concentrated on top of the GMR sensing elements as shown in Fig. 4(b) resulting in a significant increase in the output signal as shown in Fig. 4(c) . The signal then decreased rapidly when the current to the micro-ring was turned off and the MPs were washed away by applying DI water but did not reduce to zero. The current to the inner micro-ring was turned on again to make sure the signal change was in fact due to the attracted MPs. The non-zero output signal can be attributed to the fact that there were few MPs still attached to the GMR sensor which can be solved by incorporating the micro-chip with a microfluidic setup and thoroughly washing in a microfluidic channel.
An integrated micro-chip for MP concentration and detection using conducting micro-structures and GMR sensors was reported. Experiments performed with the integrated micro-chip showed that it was able to combine both manipulation and detection of MPs. This method does not require a magnetic field produced by an external magnet and can reduce the measurement time and/or increase the measurement sensitivity. The surface area of the sensor was not optimally utilized due to the MPs attracted and trapped at the edge of the conductors. A possible improvement would be to displace the sensor so that its arc is below the edge of the conductor. Moreover, in this case a magnetic field nearly perpendicular to the plane can be used to magnetize the MPs, which ideally does not strongly influence the sensor. Therefore, larger magnetic fields can be used and larger stray fields due to a higher magnetization of the magnetic particle can occur. The unique micro-chip explored in this paper has the potential to be integrated in a compact chip for biological or medical analysis. 
